The purpose of this study is to elucidate of the primary air combustion zone in pulverized-coal combustion by means of advanced laser-based diagnostics with high temporal and spatial resolutions. An open-type burner is fabricated to apply various optical measurement techniques. In this paper, simultaneous measurement of OH-planar laser-induced fluorescence (PLIF) and Mie scattering images of pulverized-coal particles is performed, and the spatial relationship between the combustion reaction zone and the pulverized-coal particle zone is examined. It is found that, in the upstream region, combustion reaction occurs only in the periphery of the clusters of pulverized-coal particles where the high-temperature burnt gas of a methane pilot flame is entrained and oxygen supply is sufficient, and that, in the downstream region, however, combustion reaction can be seen also within the clusters of pulverized-coal particles. This is because, in the downstream region, the devolatilization process of the coal particles proceeds with the temperature rise of the particles, and the mixing process between the volatile matters and ambient air is prompted. From these results, it can be said that the present diagnostic techniques are effective for evaluating the pulverized-coal flames.
Introduction
Coal is an important and promising energy resource for electricity supply because its reserve is far more abundant than those of fossil fuels. At present, the major utilization method of coal in thermal power plants is pulverized-coal combustion, in which coal is pulverized into fine particles about 40 µm in mass median diameter (1) - (3) . In the previous study (4) , we specially fabricated a laboratory-scale pulverized-coal combustion burner and performed a time-averaged evaluation of the behavior of the pulverized-coal particles and the flame structure in the turbulent pulverized-coal flame using a shadow Doppler particle analyzer (SDPA), a two-color radiation pyrometer, and specially designed receiving optics, Multi-color Integrated Cassegrain Receiving Optics (MICRO). As a result, the measurement based on such optical diagnostics techniques was found to be effective for the combustion diagnosis of the pulverized-coal flames and for investigating their detailed flame structure.
In this study, planar laser-induced fluorescence (PLIF) (5) - (8) is applied to the above-mentioned laboratoryscale pulverized-coal combustion burner, and the spatial relationship of the combustion reaction zone and pulverized-coal particles is investigated by simultaneous measurement of OH-LIF and Mie scattering images of pulverized-coal particles. The statistical analysis is applied to the intensity profiles of OH-PLIF and Mie scattering images on the central axis.
Experiment Apparatus and Method

1 Pulverized-coal combustion burner
The pulverized-coal combustion burner used is the same as that of the previous study (4) . The turbulent pulverized-coal combustion burner is fabricated as an open-type apparatus to apply various optical measurement techniques. The burner and the supplying system are illustrated schematically in Fig. 1 . The burner is the coaxial structure having the main burner port (inner diameter: 6 mm) and annular slit burner (width: 0.5 mm) installed outside of the main burner port. The main air for combustion is supplied from a compressor and the flow rate is regulated by a mass-flow controller. Pulverized-coal particles, supplied and regulated by a screw feeder, is sucked by the main air flow and mixed with the air in an injector to form a gas-solid two-phase jet issued from the main burner port.
In this study, methane is supplied to the annular slit burner installed outside of the main burner port to ignite the two-phase jet because the coal injection rate is very small and flame stabilization is impossible for purepulverized-coal flame. Unburned pulverized-coal particles in exhaust gas are collected by bag filters and exhaust gas is released into the atmosphere by a ventilator after cooling by a heat exchanger.
The coal we used is Newlands bituminous coal and this is pulverized under the same conditions as for the actual pulverized-coal-fired power stations. The mass median diameter measured using a laser diffraction particle size analyzer is 33 µm. Table 1 shows the properties of Newlands coal. 
2 Experimental method and conditions
In the experiment, first of all, the gas flame, where air and methane are supplied to the main burner port and annular slit burner, respectively, is formed. The pulverizedcoal is supplied after the methane diffusion flame becomes stable, and the measurement is started when the pulverized-coal injection rate is regulated at 8.92 g/min. Table 2 shows the experimental conditions. The nominal bulk equivalence ratio, which is calculated on the basis of the mass ratio of the pulverized-coal and the main air issued from the central burner port, is 6.09, which is a very high value. However, the pulverized-coal flame is of the open type, and it is considered that the nominal bulk equivalence is not important because not only the combustion with the coal, methane and air for the central burner port used for coal transportation but also the combustion by entrainment of ambient air occurs. The airflow rate for coal transportation is determined to avoid the deposition of coal particles in the air-supplying pipe. In addition, the nominal bulk equivalence ratio corresponds to that of the primary air combustion reaction zone of the actual pulverized-coal burners. Since the pulverized-coal is not totally gasified at the exit of the burner port, it is considered that the actual local equivalence ratio is not so high. The methane flow rate is the minimum amount to needed form a stable flame. The origin for measurement is located at the center of the burner port, and z and r denote the axial and radial distances from the origin, respectively.
3 Optical measurement system
In this study, PLIF is applied to the turbulent pulverized-coal flame, and the detailed combustion characteristic of devolatilization is examined. Furthermore, the Mie scattering image of pulverized-coal particles is measured by the laser sheet method simultaneously, and the spatial relationship of the combustion reaction zone and pulverized-coal particles is investigated. The simultaneous measurement system for OH-PLIF and Mie scattering images of pulverized-coal particles is shown in Fig. 2 .
A Nd:YAG pulse laser (Spectra-Physics, GCR-270-10) is used as the light source of the laser sheet. For the OH-PLIF, the P1 (8) absorption line (285.586 nm) of the (1, 0) band is excited using a wavelength-tunable laser (Spectra-Physics, MOPO-730) pumped by the thirdharmonic wave of the Nd:YAG laser. To illuminate the pulverized-coal particles, the second-harmonic wave of the Nd:YAG laser is used. The two laser beams of different wavelengths are aligned in the same passage using a dichiroic mirror and are formed into a thin laser light sheet, approximately 1.5 mm thick, illuminating a vertical plane including the central axis of the flame above the burner port. The Mie scattering of pulverized-coal particles is passed through an optical band-pass interference filter with a transmission peak wavelength of 532 nm and a half-value width of 1.0 nm and is captured by a CCD camera (Vision Research Systems, Phantom Ver. 5.0). Laser-induced OH fluorescence, on the other hand, is passed through an optical band-pass interference filter with a transmission peak wavelength of 320 nm and a half-value width of 20 nm and is captured by a CCD camera (Roper, Model EEV 02-06-202) coupled with an image intensifier. TTL signals generated by two pulse delay generators (PDG's) (Stanford Research Systems, Model DG535) are used for tim- Figure 4 shows the Mie scattering images obtained by averaging the instantaneous 100 images of pulverizedcoal particles in the noncombusting and combusting cases, measured at six axial locations. In addition, the instanta- neous Mie scattering images of pulverized-coal particles are shown in Fig. 5 . Concerning the measurement in the noncombusting case, the methane supply is stopped temporarily when the pulverized-coal injection rate is regulated at 8.92 g/min. The methane is supplied again after becoming the state of the noncombusting case, and the measurement is performed under the same flow conditions as in the combusting case.
Results and Discussion
1 Mie scattering image of pulverized-coal flame
The comparison between the results of combusting and noncombusting cases shown in Fig. 4 shows that the width of pulverized-coal particles in the combusting case is narrower than that in the noncombusting case. This is due to the disappearance of pulverized-coal particles owing to combustion reaction. In an instantaneous image shown in Fig. 5 , however, it is confirmed that the pulverized-coal particles are temporally and spatially distributed at random. In addition, the large-scale eddy structure (coherent structure) of a turbulent flow is observed in the number density distribution of the pulverized-coal particles. Although there is an opinion that such a large-scale eddy structure cannot be seen since the diameter of pulverized-coal particles is several tens of micrometers and the specific gravity is much larger than in the gaseous phase, it is very interesting that the coherent structure is observed.
In the noncombusting case, the width of the particleladen flow spreads and the number density of the particles decreases going downstream. In the combusting case at z = 135 mm, nonuniformity in the number density is clearly observed because combustion reaction takes place locally and the small pulverized-coal particles with high flammability disappeared preferentially. These results will be discussed in the next section regarding the simultaneous measurement of the OH-LIF and Mie scattering images of pulverized-coal particles.
2 Simultaneous measurement of OH-LIF and
Mie scattering images of pulverized-coal particles Polycyclic aromatic hydrocarbon (PAH) is mostly generated by heat decomposition under the incomplete combustion of fossil fuels, such as hydrocarbon fuel, oil, and coal, or under a reduction atmosphere. In addition, PAH exists abundantly in flames, has various molecule structures, and has an absorption and radiation band in the large-wavelength range. Therefore, when the LIF method is applied to a combustion field, we must consider the excitation of PAH (12) . LIF images are measured by changing the wavelength of laser irradiation gradually, and the effect of PAH excitation is considered. Figure 6 shows the LIF images of pulverized-coal flame obtained at the 285.586 nm excitation wavelength used in this experiment and at a different excitation wavelength, 285.600 nm. The monitoring area of each image is a square of 30 mm by 30 mm that corresponds to r = −15 to 15 mm and z = 45 ∼ 75 mm. In the results, it is considered that the fluorescence of excitation of PAH at the excitation wavelength used in this experiment (285.586 nm) has almost no effect.
To examine the spatial relations of the combustion reaction zone and pulverized-coal particles for the combusting case, OH-LIF and Mie scattering images of the particles are compared. The instantaneous OH-LIF and Mie scattering images of the particles obtained simultaneously are shown in Fig. 7 . The obtained pairs of images are visualized using a single-pulse laser. In addition, the intensity profiles on the central horizontal line (z = 30, 60, 90, 120, 150, and 180 mm) of both sets of images are shown in Fig. 8 . Compared with OH-LIF and Mie scattering images, in the upstream, the OH-LIF intensity is high in the periphery of the high-number-density regions of pulverized-coal particles (clusters). Moving downstream, on the other hand, OH-LIF intensity increases at the center of the clusters of the pulverized-coal particles. From these results, it is found that, in the upstream region, combustion reaction occurs only in the periphery of the clusters where the high-temperature burned gas of the methane pilot flame is entrained and oxygen supply is sufficient. In the downstream region, however, combustion reaction can be seen also within clusters of pulverized-coal particles because the devolatilization process of the coal particles proceeds with the temperature rise of the particles, and the mixing process between the volatile matter and ambient air is promoted.
If this is applied to the group combustion of liquid fuel spray proposed by Chiu et al. (12) , the combustion Fig. 9 Distributions of brightness intensities of Mie scattering images of pulverized-coal particles and OH-PLIF on central axis mode in the upstream region corresponds to the external droplet group combustion, and that in the downstream corresponds to the internal droplet group combustion. In the case of the pulverized-coal combustion, however, the mechanism of the group combustion is different from that of liquid fuel spray because dispersion of coal particles, their devolatilization, and chemical reactions of volatilized fuel and residual char with air take place interactively at the same time.
3 Examination of combustion mode by statistical analysis
Since quantitative evaluation of pulverized-coal combustion cannot be performed only by observing the im- ages, statistical analysis is applied to the intensity profile (see Fig. 9 ) on the central axis of both sets of images shown in Fig. 7 . The total number of data used in FFT processing is 256 (= 2 8 ), and the basic wave number is 50 1/m in this case. Since the total number of data for the analysis area is 256, the length in the horizontal direction in each image is 20 mm.
The power spectrum, W i ( f ), and cross spectrum, X i j ( f ), are expressed using the complex spectrum, F i ( f ), of the image signal, f i (t), as follows:
where F i ( f ) is the conjugate complex spectrum of F i ( f ). The subscripts i and j replace the intensity value of Mie scattering and OH-LIF. The autocorrelation and crosscorrelation is calculated from the inverse Fourier transform of the power spectrum and cross spectrum, respectively.
The autocorrelation coefficient R MS (τ) of the profile of Mie scattering intensity is shown in Fig. 10 . It can be thought that the width of the zero-crossing points of the autocorrelation coefficient is related to the length scale of the cluster of pulverized-coal particles. As can be seen in the figure, the width of the autocorrelation coefficient becomes narrow going downstream. The length scale of the cluster decreases as the combustion proceeds since the width of the zero-crossing points of the autocorrelation coefficient is 9.68 mm in the upstream region at z = 15 ∼ 45 mm and 5.94 mm in the downstream region at z = 165 ∼ 195 mm. Figure 11 shows the cross-correlation coefficient, S MS,OH (τ), between Mie scattering and OH-LIF which is analyzed by the intensity profile on the central axis of both images. Here, τ in the abscissa is the displacement of OH-LIF to Mie scattering. The cross-correlation coefficient has a deep valley at τ ≈ 0 mm in the upstream region. In the downstream region, on the other hand, where the devolatilization and combustion process proceeds, the crosscorrelation coefficient has a positive peak at τ ≈ 0 mm. From these results, it can be confirmed that the combustion reaction only exists in the periphery of clusters of pulverized-coal particles in the upstream region and penetrates the cluster as combustion proceeds in the downstream region.
Large-eddy simulation (LES) has been emerging a standard tool to in the numerical simulation of combustion in recent years, and may also be valid for discussing the detailed combustion mechanism. In LES, the data on not only the time-averaged structure of a flame but also the instantaneous structure of the flame is highly necessary for accurate verification. It is considered that the results on the instantaneous flame structure obtained in this study are very useful for the database necessary to develop a highly accurate numerical simulation as well as for elucidation of the detailed structure of pulverized-coal combustion.
Conclusions
Planar laser-induced fluorescence (PLIF) was applied to a laboratory-scale pulverized-coal combustion burner, and the spatial relationship of the combustion reaction zone and pulverized-coal particles was investigated by simultaneous measurement of OH-LIF and Mie scattering images of pulverized-coal particles. To investigate the instantaneous structure of flames in detail, statistical analy-sis was performed using the intensity profiles of OH-PLIF and Mie scattering images. The main results obtained in this study can be summarized as follows.
( 1 ) It is found that this technique can be used to investigate the spatial relationship of the combustion reaction zone and pulverized-coal particles in turbulent pulverized-coal flames without disturbing the combustion reaction field.
( 2 ) In the upstream region, combustion reaction occurs only in the periphery of the clusters where hightemperature burned gas of the methane pilot flame is entrained and oxygen supply is sufficient. In the downstream region, however, combustion reaction can be seen also within clusters of pulverized-coal particles, since the temperature of pulverized-coal particles rises, and the mixing with emitted volatile matter and ambient air is promoted.
( 3 ) It is considered that the measurement data on the instantaneous structure of flames obtained in this study is very useful for the clarification of the detailed structure of pulverized-coal combustion, as well as for the accurate verification of large-eddy simulation (LES) of pulverizedcoal combustion.
